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 A ground water investigation conducted by Ohio EPA in the Dissected Niag-

ara Escarpment in Mad River Township, Clark County, provided evidence that the 

local carbonate aquifer has the features and hydraulic properties of a karst aqui-

fer.  Sinkholes, disappearing streams, exposed bedrock, caves, and springs were 

identified within the region and two fluorescein (uranine) dye traces were conduct-

ed in separate sinkholes.  U.S. EPA’s Environmental Hydrologic Tracer Design 

model was used to estimate quantities of dye needed for each trace, end point dye 

concentrations, and optimum sampling frequencies.  The first dye trace was con-

ducted during a wet weather period and yielded an average ground water flow 

rate of 28,800 feet/day.  The second dye trace was conducted during a dry weath-

er period in a less-developed sinkhole and yielded an average flow rate of 3,100 

feet/day.  Dye was detected in multiple springs and private water system wells and 

results indicate that ground water pathways may vary with fluctuating water lev-

els.  The model-predicted dye concentration curves were a close match to the ac-

tual concentration curve observed during the first wet weather trace, but did not 

correlate well with the concentration curves observed during the second trace.  

Water samples were collected at local springs, streams, and private and public 

water supply wells.  Nitrate concentrations ranged from 0.21 – 12.9 mg/l, with the 

highest concentrations detected in springs. Down-hole camera videos were rec-

orded at two wells in the study area, and depicted evidence of macroinvertebrates 

and perhaps salamander larvae present below the water table.  This was the first 

investigation of its kind in the Dissected Niagara Escarpment and provides evi-

dence that the region behaves as a karst aquifer, with some of the fastest ground 

water flow rates ever measured in Ohio.  The investigation also helps confirm the 

sensitivity of the shallow karst aquifer to contamination.  Information from this 

study will be used to refine the drinking water source protection areas for public 

water systems located within the Dissected Niagara Escarpment karst aquifer.   
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Introduction 

A good understanding of Ohio’s karst 

aquifers is necessary to help protect the 

public water systems that rely on karst 

aquifers from ground water 

contamination.  The 1996 Amendments 

to the Safe Drinking Water Act required 

completing source water assessments 

for all public water systems, including 

those located in karst aquifers.  Now that 

Ohio EPA has completed assessments, it 

is gathering additional data in potential 

karst areas to help refine assessments.  

Ohio EPA’s Source Water Assessment 

and Protection Program defines 

“potential karst areas” as karst-forming 

carbonate aquifers that are covered by 

less than 25 feet of unconsolidated 

material (See Figure 1).  Since many of  

 

the areas identified as potential karst did 

not exhibit numerous sinkholes and 

other surficial karst features, field 

reconnaissance of those areas was 

necessary to assess the level of karst 

development.  In addition, data on 

ground water flow rates was needed to 

help understand how quickly 

contamination could move through the 

karst aquifers.   Ground water flow rate 

information is also needed to better 

define the protection areas for public 

water systems located in karst aquifers.  

The flow rate and water quality 

information would also help assess the 

susceptibility of the potential karst 

regions to contamination.   

Ohio’s Carbonate  

Aquifers and 

Karst Features 

   LEGEND 
 
Karst Feature 
 

Potential Karst Area  
(Silurian & Devonian Age) 
 

Devonian Carbonates  
 

Silurian Carbonates  
 

Potential Karst Area  
(Ordovician Age) 
 

Ordovician Interbedded 

Shales and Carbonates 

Figure 1.  Ohio’s carbonate aquifers and karst features. 
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In the Fall of 2006 the Ohio EPA Division 

of Drinking and Ground Waters decided 

to conduct two special studies in 

representative potential karst aquifers 

in Ohio.  The first region selected for an 

investigation was the dissected Niagara 

escarpment in southwest Ohio.  The 

study focused on Mad River township 

within Clark County.  A field 

investigation, including two dye traces 

and the collection of surface and ground 

water samples, was conducted.  The dye 

traces and water chemistry data 

provided information on ground water 

flow rates and the interaction between 

surface and ground water.  In addition to 

the dye traces and water quality 

analysis, down-hole camera videos were 

collected from two private wells to help 

determine the degree of subsurface 

fracturing within the study area.   The 

second special study is planned for 

Spring 2008 and will take place in the 

Silurian potential karst plain in 

northwest Ohio, in either Wyandot, 

Seneca, or Sandusky County.   

  

Purpose of Special Study 

The purpose of this study was to assess  

the  level of karst development and 

determine the ground water flow rates in 

the dissected Niagara escarpment 

carbonate aquifer.  The information will 

be used to select appropriate 

delineation methods for public water 

systems located in this region.  If the 

measured flow rates were consistent 

with the hydraulic conductivity values 

found in Ohio’s regional buried Silurian 

carbonate aquifer, and there was limited 

evidence of karst hydrogeology, then a 

porous media assumption could be 

made and analytic element models could 

be used to delineate the protection 

areas.  If karst features were found 

within the area and measured flow rates 

were consistent with a conduit flow 

aquifer, some type of geologic mapping 

based delineation would be necessary.  

In addition, water quality data were also 

collected in an attempt to determine if 

the data could be used to differentiate 

between shallow karst aquifers that may 

be more susceptible to contamination 

and deeper carbonate aquifers. 

 

Background Information 

Historic data on flow rates in potential 

karst aquifers are available for portions 

of the Devonian Delaware and Columbus 

limestones, but no data are available for 

the Silurian carbonates in western Ohio.  

Dye traces have been conducted in the 

Devonian carbonates of the Bellevue-

Castalia karst plain (ODNR 1994) and 

Scioto and Olentangy River Gorges 

(McCullough 2004) and yielded fast flow 

rates indicative of karst hydrogeology 

(over 500 feet/day in some regions).  The 

remaining potential karst aquifers were 

divided into two regions- the Dissected 

Niagara Escarpment and the Silurian 

potential karst plain.  While both of these 

regions primarily consist of Lockport 

dolomites, the topography is very 

different between the two regions and 

Mad River Township Karst Investigation 
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the Dissected Niagara Escarpment 

contains more surficial karst features.  

Investigations were proposed in both 

potential karst regions, and this report 

provides results from dye traces and 

water quality analysis within the 

dissected Niagara Escarpment.   

 Karst literature suggests that the 

scientifically preferred method for 

delineating a public water system’s 

drinking water source protection area in 

a karst region is to conduct a dye trace 

test and determine the ground water 

flow rates in the region.  Conducting a 

dye trace at every public water supply 

location is impractical, but a 

representative investigation in each 

major potential karst region will help in 

two ways.  First, the dye traces would 

provide data on ground water flow rates 

in each region.  The flow rate 

information could be used to determine 

if porous media modeling assumptions 

were appropriate or if the groundwater 

traveled primarily via conduit flow.  

Second, the dye trace results could be 

used to justify the delineation methods 

selected to redelineate the protection 

areas.  Study results for each 

investigation will be extrapolated 

throughout the rest of each region.   

 

Physical Setting 

The area under investigation is located 

in Mad River Township in Clark County 

and is east of Enon and southwest of the 

City of Springfield, Ohio (See Figure 2).  

The region is bounded to the north by 

the Mad River and to the south by a 

topographic divide (just south of Dayton-

Springfield Road).  The region was 

divided into two separate study areas, 

where the individual dye traces would 

be conducted.  Study area #1 is in the 

western portion of the region and is 

bounded to the west and north by 

Springs #1, 2, 3, 4, and 5 (and the Mad 

River).  It is bounded to the east by an 

unnamed tributary to the Mad River and 

to the south by a topographic divide.  

Study area #2 is bounded to the west by 

the unnamed tributary to the Mad River, 

to the northwest by Springs # 6, 7, 8, 9, 

and to the east by Bass Lake and 

another small tributary to the Mad River.  

Study area #2 is bounded to the south by 

a topographic divide.  The study areas 

are within the following two Mad River 

Watershed HUC 14 subwatersheds: 

05080001180030 and 05080001180080.  

There is a USGS gauge station with real-

time water level, flow, and precipitation 

data on the Mad River at river mile 24, 

within Study Area #2 (150 feet south of 

the Lower Valley Pike bridge).     

 

Local Geology and Hydrogeology 

The area is part of the Dissected 

Niagara Escarpment and is underlain by 

a fractured dolomitic and limestone 

aquifer which is separated into the 

Lockport and Sub-lockport by the 

Massie Shale formation.  The Lockport is 

further divided into the Euphemia, 

Springfield, and Cedarville Dolomites.  

Mad River Township Karst Investigation 
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The Euphemia and Cedarville formations 

are massive, porous, and contain 

solution enlarged bedding planes and 

vertical fractures.  The Springfield is 

more thinly bedded and dense.  Springs 

in the region discharge on top of both 

the Massie Shale and Springfield 

Dolomite.  Thirteen springs were 

identified within the study areas and the 

springs to the east appear to be located 

on top of the Springfield dolomite, and 

the springs to the west (Spring #4) are 

located at the contact between the 

Euphemia dolomite and Massie Shale. 

Bedrock is within a few feet of the 

surface on the hill tops, and outcrops in 

some tributaries to the Mad River and 

locally along cliff banks of the Mad River 

(See Figures 3, 4,  & 5).  Field inspection 

of the area and review of local well logs 

indicated that some areas mapped by 

the Ohio Department of Natural 

Resources as having 25-100 feet of 

glacial till are inaccurate.  Therefore, the 

“potential karst area” depicted on 

Figure 2 does not encompass the entire 

area with less than 25 feet depth to 

bedrock.  For example, the exposed 

bedrock depicted in Figure 5 is in a 

location mapped as having greater than 

Mad River Township Karst Investigation 

Figure 2.  Study area map. 
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25 feet depth to bedrock. 

Three potentiometric surface maps exist 

for this study area.  In 1994 the U.S. 

Geological Survey (USGS) completed 

the a potentiometric surface map as part 

of their Regional Aquifer System 

Analysis (RASA) project for the area.  

The map was based on 

contemporaneously measured water 

levels in local wells.  This regional map 

indicates  ground water flow rates are to 

the northwest, perpendicular to the 

southern face of the escarpment and, in 

general, towards the Mad River.  

Another smaller scale, more detailed, 

study by Sheets and Yost (USGS 1994) 

resulted in a similar flow direction for 

the area.  Finally, Ohio EPA created a 

potentiometric surface map of the study 

area based on historic water levels 

recorded on well logs (See Figure 6).  

This potentiometric surface map is more 

detailed, but may not be as accurate as 

Mad River Township Karst Investigation 

Figure 3.  Vertical fractures. Figure 4. Horizontal bedding planes. 

Figure 5.  Exposed conjugate set frac-

tures at ground surface. 
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the USGS maps since the water levels 

were not measured on the same date 

and therefore are subject to seasonal 

and climatic variability (See Figure 6).  

All three potentiometric surface maps 

depict ground water flow towards the 

escarpment face and the Mad River, 

however, the more detailed Ohio EPA 

map depicts a ground water flow divide 

that roughly corresponds with the 

topographic divide (See Figure 6).  The 

divide was not discernable on the USGS 

potentiometric surface maps. 

Karst Features 

Only one sinkhole and one cave were 

identified in the region prior to Ohio 

EPA’s investigation, but field work 

yielded many new karst features in the 

area (see Figure 7).  The two karst 

features mapped by the Ohio 

Department of Natural Resources during 

their 1999 inventory were field verified 

by Ohio EPA staff.  Subsequent field 

work conducted by Ohio EPA revealed 

six additional major sinkholes, a second 

cave, two disappearing streams, 

thirteen springs,  and numerous smaller 

sinkholes (at least eight are depicted on 

Mad River Township Karst Investigation 

Figure 6. Potentiometric surface map based on historic water levels from public 

and private water system well logs. 
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Mad River Township Karst Investigation 

Figure 7.  Sinkholes (A & B) and Disappearing 

streams (C,D, and E).  Image C was taken up-

stream of image D.  Water was flowing in the 

channel upstream of Image E. 

C 

D 

E 

B 

A 
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Figure 2).  At first the field staff had 

difficulty distinguishing between the 

smaller sinkholes and the numerous 

groundhog holes that were in the region.  

The mapped features in Figure 2 had 

obvious evidence of surface water 

draining towards them.   

 In some instances it appeared 

that groundhogs were taking advantage 

of existing sinkholes and establishing a 

network of holes leading to the sinkhole.  

A literature search looking for 

documentation of groundhogs using 

sinkholes (and how to distinguish 

groundhog holes from sinkholes) yielded 

no information.  More research should 

be conducted on the tendency for 

groundhogs to use sinkholes so 

groundhog holes are not confused with 

sinkholes when conducting future field 

investigations.  In addition, the 

possibility of groundhog holes providing 

preferential pathways for contaminants 

to enter an aquifer should be 

considered.   

 

Public and Private Water Systems 

Seven public water systems lie within 

the study area (See Figure 2) and 

several additional water supplies are 

located just outside the study area but 

within the potential karst area.  There 

are approximately 100 private wells, 

although most of those are clustered in 

two major subdivisions and they are not 

equally distributed throughout the study 

area.  Two springs in the area are used 

as private water supplies.   

 Water quality compliance data for 

the seven public water systems reveal 

elevated nitrates in three of the systems, 

with a maximum detected concentration 

of  8.0 mg/l, and a history of bacterial 

contamination at several water systems.  

One water system abandoned their well 

and moved to a hauled water system due 

to persistent total coliform positive 

samples.  E-coli problems led to three 

additional systems moving to either a 

hauled water system or connecting to 

Enon’s water system.  Another well in 

the area was unable to obtain four 

consecutive safe samples for total 

coliform, so they abandoned plans to 

become a water supply.  The new 

property owner of the site recently 

installed a new well with a deeper 

casing with the hope of obtaining a safe 

sample at a greater depth.  Finally, three 

additional water systems are currently 

experiencing problems with bacterial 

contamination and are evaluating their 

options (install new well, close, 

treatment, etc.).  All seven currently 

operating public water systems were 

determined to have a high susceptibility 

to contamination by Ohio EPA as part of 

their source water assessments.  

Conversations with private well owners 

reveal that several homeowners have 

installed water treatment systems to 

address bacterial and (in some cases) 

nitrate contamination in their source 

water.   

 

Mad River Township Karst Investigation 
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Methodology 

Dye Traces 

Wherever possible, the 

recommendations outlined in Alexander 

and Quinlan’s “Practical Tracing of 

Groundwater With Emphasis on Karst 

Terranes” were used for this 

investigation (U.S. EPA, 1996).  

Fluorescein dye (also referred to as 

Uranine or Acid Yellow 73) was selected 

as a tracer because it is a conservative 

tracer and is considered to be non-toxic 

at visibly detectable levels (Fields et. al., 

1995).  USEPA’s Environmental 

Hydrologic Tracer Design (EHTD) 

program was used to estimate quantities 

of dye needed for each trace, end point 

dye concentrations, and optimum 

sampling frequency at each sampling 

site.  Flows were measured at all major 

springs prior to dye injection.  At each 

sinkhole injection site a primer of 500 to 

1000 gallons was injected prior to the 

dye and the dye was chased with 500 to 

1000 gallons of water to ensure it 

reached the water table.  Autosamplers 

were used at primary sampling sites to 

collect water samples at regular 

intervals (See Figure 8).  A Turner 

Designs Model 10-000 R fluorometer 

was used to analyze water samples in 

the field and lab for fluorescein dye 

concentration.  

 Charcoal dye detectors were 

used in more distant sampling sites and 

in conjunction with the autosamplers 

during the first trace to compare results 

from the two sampling methods.   Dye 

detectors were constructed by sewing 

2.5" by 7" long pieces of vinyl screening 

into packets with monofilament fishing 

line and filling each packet with two 

teaspoons of granulated activated 

charcoal.  The packets were secured at 

the top with a paper clip and attached to 

a “gumdrop” with another paper clip 

(See Figure 8).  Gumdrops were 

constructed out of quickcrete and wire 

clothes-hangers and were used to 

Mad River Township Karst Investigation 

C B A 
Figure 8. Sampling devices.  A and B are ISCO autosamplers and C is a  

‘gumdrop’ holding a charcoal dye detector. 
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secure the charcoal bugs in springs.  

Each gumdrop was anchored to a 

nearby tree with nylon clothesline to 

ensure the bug did not move during 

periods of high flow.  The dye detectors 

used to sample well water were placed 

in the bottom of a normally infrequently 

used sink, with the water turned on at a 

steady flow.  Homeowners were 

instructed to not use that sink for hand-

washing during the duration of the test 

and not clean the sink once the charcoal 

packet was in place (to avoid 

destruction of dye by chlorine present in 

cleaning agents).  Since the traces were 

conducted in the winter, garden hoses 

could not be used as sampling sites.  

Sinks were considered a better 

alternative than toilet tanks because the 

flow could be kept consistent during the 

duration of the test.  The constant flow 

sampling method is preferable because 

it represents a continuous sample and 

the method is more likely to detect dye 

in small quantities and not miss a slug of 

dye that is passing through the aquifer.   

 Dye detectors were changed at 

regular intervals and collected 

detectors were stored in a refrigerator 

prior to testing at the lab.  After the test 

ended all charcoal packets were 

brought to the lab and rinsed thoroughly 

to remove any sediment or algae that 

might interfere with analysis.  

Approximately one tablespoon of 

charcoal from each packet was 

collected and placed in individual, 

labeled, disposable plastic cups.  A 10ml 

solution of 5% potassium hydroxide in 

70% isopropyl alcohol was added to 

each cup to elute the dye.  After one 

hour any noticeable dye coloration was 

noted and the elutant was decanted into 

individual cuvette containers to be read 

in the fluorometer.    

 

Dye Trace Quality Assurance 

Water samples were taken from 

sampling locations prior to injecting the 

dye, and were tested for the presence of 

background levels of dye using the 

fluorometer.  In addition, dye detectors 

were placed at the sampling location 

and then collected prior to injecting the 

dye.  Dye detectors were analyzed for 

the presence of fluorescein prior to 

injecting the dye, to ensure the 

detectors were operating properly, were 

not contaminated with dye, and there 

was little to no background dye present 

in the aquifer.  The staff person 

responsible for injecting the dye did not 

collect samples on the day the dye was 

injected (done by separate individuals, 

to avoid cross contamination).  In all 

cases, the QA/QC procedures outlined 

in Appendix B of U.S. EPA’s “Guidelines 

for Wellhead and Springhead Protection 

Area Delineation in Carbonate Rocks” 

were followed (1996). 

 

Water Quality Sampling  

Water samples were collected on 

December 8, 2006 within Study area #2 

Mad River Township Karst Investigation 
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at two public water systems 

(Cornerstone Pentecostal Church and 

Boone’s Saloon), Springs #6, 7, 8, 9, 10, 

and 13, five tributaries to the Mad River, 

and within the Mad River adjacent to 

Spring #13 (See Figure 2).  Additional 

water samples were collected on 

February 26, 2007 prior to the first trace 

at Spring #1, 3, 4, and 5 and at Hillard’s 

well (near Spring #5).  Samples were 

also collected the day prior to the 

second trace (April 9, 2007) at a private 

well on Old Mill Road and at Haulman’s 

well, and the morning prior to dye 

injection (April 10, 2007) at Spring #7 

and 9.  All samples were analyzed for the 

ambient suite of parameters (including 

nitrates) to provide basic inorganic 

water chemistry data for the region.  

Field measurements were also collected 

at each sampling site for conductivity, 

pH, temperature, total dissolved solids, 

and oxidation reduction potential.  

Samples were collected following the 

Ohio EPA sampling protocol.  Duplicate 

samples were taken for QA/QC purposes 

(as per recommendations in Ohio’s 

Ambient Ground Water Monitoring 

Program Operating Procedures 

Document).  All samples were analyzed 

by Ohio EPA’s certified lab.  Additional 

bacteriological samples were collected 

on December 8, 2006 at Springs 6, 7, 9, 

and 10 and three tributaries to the Mad 

River.  Samples were analyzed for 

aerobic spores, coliforms, E.coli, 

enterococcus, and heterotrophic plate 

counts at U.S. EPA’s lab in Cincinnati, 

Ohio.    

 Collection of water chemistry 

data is not a requirement for a 

successful dye trace, but provides 

insight into why dye might be detected 

at one location and not another and how 

well the shallow and deeper flow 

systems interact.  The water quality data 

may also be helpful in future screening 

of wells that are located within a 

potential karst area, but may be less 

susceptible to contamination.  Providing 

water sample analysis was also an 

incentive for private well owners to 

voluntarily participate in the study. 

 

Surface Water Flow Measurements 

Flow data for Springs #6, 7, and 9 were 

collected on November 22, 2006 with the 

assistance of staff from the Miami Valley 

Regional Planning Commission (see 

Appendix A).  Flow data for Springs #3, 

4, and 5 were collected by Ohio EPA 

staff on January 22, 2007 (see Appendix 

A).  Flow measurements for Spring #5 

were collected again by Ohio EPA staff 

after dye injection on the day of the first 

trace.  Flow measurements for Springs 4 

and 6 were made using a graduated 

bucket and a stopwatch.  At least three 

measurements were made at each 

location and the results were averaged.  

Spring 6 has two distinct seeps, which 

were measured separately and then 

added together.  Flow rates at the 

remaining springs were measured with a 

pygmy flowmeter.  Spring flow rates 

ranged from 5 –254 gallons per minute.       

Mad River Township Karst Investigation 
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 Dye Trace #1 

The first study area was selected based 

on the presence of a large sinkhole and 

nearby spring and the relative absence 

of private or public water system wells 

(See Figure 9).  Since this was the first 

trace Ohio EPA would conduct and no 

traces had been conducted in this 

region, efforts were made to select a 

“simple” site that would provide data on 

flow rates, but would avoid turning 

numerous water supplies bright green.  

Sinkhole C was selected for injection 

and Spring #5 (the closest spring) 

appeared to be the most likely recovery 

point.  Sinkhole C was well-developed, 

had evidence of surface water entering 

the sinkhole during periods of rain, and 

had visible bedrock exposed in its throat 

(see Figures 7b  and 10).  Spring #5, 

however, was not located directly down 

gradient of the sinkhole (based on 

potentiometric surface mapping) and 

there was some concern that the 

sinkhole was not connected to the 

spring.  Due to these concerns, 

autosamplers were placed at Spring #3, 

4, and 5 and dye detectors were placed 

at Springs #1, 3, 4, and 5 and at a private 

well located near Spring #4 (see Figure 

9).  Dye detectors were changed daily 

Mad River Township Karst Investigation 

Figure 9. Map of Study Area #1. 
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for four days after injection and then 

changed one week later to ensure no 

additional dye was detected.  The day 

prior to the injection a letter and a fact 

sheet describing the dye trace were 

distributed to home owners within Study 

Area #1 that were located on Dayton-

Springfield Road and Tecumseh Road.  

The letter requested that any 

homeowners with visible dye present in 

their water supply contact Ohio EPA.  

The letter and fact sheet are included in 

Attachment B.       

 U.S. EPA’s EHTD program was 

used to determine the necessary dye 

injection volume and estimate the 

concentration curve and adequate 

sampling frequency at the springs.  

Since there were no private wells 

located in close proximity to the sinkhole 

and this was the first trace in the region, 

the investigators decided to attempt to 

have a 10ppm end point concentration 

at the closest spring.  The EHTD model 

that Ohio EPA developed predicted that 

78 grams of dye would be needed to 

reach a 10ppm maximum concentration 

at Spring #5.  Since the model predicted 

the dye would be flushed through the 

system in less than one hour and the 

landowner was not concerned with 

having a visible detection, 10ppm 

maximum concentration was considered 

acceptable.  In addition, when dye 

traces are conducted for the first time in 

an area it is often advised to inject more 

dye than thought necessary in case 

there are other pathways or 

complexities to the flow system that the 

investigator did not anticipate.  Finally, 

before the EHTD program was 

developed, the general “rule of thumb” 

for determining dye injection volumes 

was one pound of dye for every square 

mile drainage area (USEPA 1997).  Since 

78 grams was much less than one pound 

(454 grams), Ohio EPA 

felt the use of 78 grams 

was appropriate for an 

initial trace in the region.  

An additional 

consideration is  

fluorescein is sometimes 

used as a dye in 

cosmetics (shampoo) and 

other commercial 

applications and can be 

found in trace (or larger) 

amounts in the 

environment. Measured 

background 

Mad River Township Karst Investigation 

Figure 10.  Dye injection at Sinkhole C, Study Area #1. 
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concentrations of fluorescein in the 

study area ranged from 0.10 - 0.75 ppb, 

so in this case the 10 ppm target 

concentration would be easily 

detectable above background 

concentrations.  

 The EHTD model predicted that 

the dye would be detected within 39 

minutes at Spring #5 and the peak 

concentration would arrive at 69 

minutes.  Since this was a very quick 

arrival time two autosamples were set 

up at the spring in series to collect 

samples every five minutes for two 

hours (total of four hours sampling).  

Samples from the first two hours were 

collected and read, the sample 

containers were cleaned, and the 

sampler was reprogrammed to collect 

samples every five minutes after the 

other autosampler finished collecting 

samples.  The EHTD model predicted the 

dye would not reach the more distant 

Spring #4 until over four hours after 

injection, and not reach peak 

concentration until 12 hours after 

injection.  Autosamplers at the more 

distant springs were programmed to 

collect one sample per hour for 24 

hours.  The samples were collected and 

read, bottles cleaned, and sampler reset 

every day for four days.    

 The dye trace was conducted 

during a wet weather period and, since 

temperatures were above freezing, 

accumulated snow began to melt.  

Runoff was observed entering sinkhole 

C at the time the dye was injected.  The 

Mad river ranged from 3.03 - 11.65 feet 

(high stage) with a discharge of 1520 - 

10,700 cfs during the duration of the dye 

trace, based on the closest USGS gauge 

located near Springfield. 

 

Mad River Township Karst Investigation 

Figure 11. Visual dye detection at spring #5, close-up (with auto-sampler) and dis-

tant view. 



Page 16 

Dye Trace #1 Results 

The first trace was conducted on 

February 27, 2007 and was a success.  

Dye was first detected above 

background levels in Big Spring #5 45 

minutes after injection and the dye 

reached its peak of 16 ppm 60 minutes 

after injection, giving a flow rate of 

28,800 ft/day (See Figures 10-11). These 

results correlate well with the arrival 

times predicted by the EHTD model (See 

Figure 15, Dye Trace #1 Concentration 

Curves).  The concentration curves 

predicted by EHDT Model 1 were based 

on spring flows measured in December 

and the concentration curve predicted 

by EHTD Model 2 were based on spring 

flows measured on the day of the trace 

after the dye injection.  The actual 

concentration curve fell between the 

two models.  The concentrations 

represented for Big Spring #5 were 

measured on the fluorometer with the 

exception of the maximum concentration 

(See Figure 12).  The fluorometer was 

not capable of reading concentrations 

Mad River Township Karst Investigation 

Figure 12. Turner Designs fluorometer 

and spring samples in cuvettes. 

Figure 13.  Eluting charcoal samples in 

potassium hydroxide solution.  

Figure 14.  Comparison between QA sam-

ple and sample taken after dye injection.  
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greater than 10 ppm so the sample was 

diluted in the lab and the concentration 

was read and recalculated.  This method 

is not as precise as a direct reading and 

may be an explanation for why the 

predicted maximum concentration was 

less than the actual maximum 

concentration.  Although a visual 

detection was possible at the spring and 

the unnamed tributary to the Mad River 

that the spring fed into, the assimilative 

capacity of the mad River at high stage 

was great enough to reduce the 

fluorescein concentration to below 

visually detectable limits.   Dye was not 

detected above background levels at 

any of the other sites with the 

fluorometer.  Similarly, when the 

charcoal samples from the dye 

detectors were eluted, only Big Spring 

#5 showed a very strongly positive 

response for fluorescein (see Figure 13-

14).  When the elutant for all the samples 

was run through the fluorometer, only 

Big Spring #5 showed dye 

concentrations significantly greater 

than the concentration from the control 

placed at the site prior to injection. 
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Figure 15.  Comparison between actual and modeled dye trace concentration curves.  
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Dye Trace #2 

The second trace was conducted in an 

area surrounded by more springs and 

several private water system wells.  The 

goals of this trace were to determine if 

connections existed between local 

sinkholes and wells and determine flow 

rates during dry weather conditions.  

Injection occurred in Sinkhole D, which 

had been partially filled in with dirt and 

concrete by the previous property 

owner, but groundhogs had excavated 

tunnels into the dirt that appeared to 

connect to the original bedrock throat of 

the sinkhole.  It appeared that the 

sinkhole was most likely connected to 

Spring #9, but there was a distinct 

possibility, based on fracture trends, 

that it was also connected to Spring #7 

(Spring #8 was not a perennial spring 

and was not flowing prior to dye 

injection).  Autosamplers were placed at 

both Spring #7 and Spring #9 (See 

Figure 16).  Two private well owners 

agreed to participate in the study (one 

owner had two wells, one without a 

pump).  In the well without a pump, a 

bailer was used to pull samples 

approximately every half hour after dye 

injection, for eight hours after injection.  

Dye detectors were placed in the private 

Mad River Township Karst Investigation 

Figure 16.  Map of Study Area #2. 
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well owners’ sinks for one day prior to 

the trace, were changed the day of the 

trace, then maintained in the sink for 24 

hours after the injection.  A dye detector 

was also placed at Spring #6.  The day 

prior to the injection a letter and a fact 

sheet describing the dye trace were 

distributed to home owners within Study 

Area #2 that were located on Old Mill 

Road.  

 Since private water system wells 

were potentially directly connected to 

the sinkhole, a maximum concentration 

goal was set at 0.30 ppm (300 ppb) 

instead of the 10 ppm maximum 

concentration for the first trace.  0.30 

ppm fluorescein is at the extreme limit of 

visibility (barely visible if a light is shined 

through a clear sample), but is easily 

detectable on the fluorometer.  

Background concentrations of 

fluorescein were 0.000005 - 0.000015 

ppm, well below the endpoint maximum 

concentration.  The EHTD model that 

Ohio EPA developed for the second 

trace predicted that only 1.92 grams of 

dye were necessary to reach the 0.30 

ppm maximum concentration at Spring 

#9 (See Figure 17).  The model predicted 

that dye would be first detected at 

Spring #9 47 minutes after dye injection 

and reach Spring #7 67 minutes after 

dye injection.  Two autosamplers were 

set up in series at Spring #9 to collect 

samples every 5 minutes for a total of 6 

hours and then were reset to collect 

samples every hour for a total of an 

additional 48 hours.  An autosampler 

was also set up at Spring #7 and 

collected samples every 10 minutes for 

Mad River Township Karst Investigation 

Figure 17.  Measuring dye using a pi-

pette for second trace.     

Figure 18.  Injecting dye into Sinkhole D. 
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7 hours, then was reset to collect 

samples every hour for an additional 48 

hours.  All samples were read in the field 

using the fluorometer and reread in the 

lab at the end of each day’s sampling.  

 During the second trace, 1.92 

grams of dye was injected following a 

dry weather period (See Figure 17 and 

18).  Only 0.04 inches of rain were 

recorded during the 6 days preceding 

dye injection.  The Mad River  USGS 

gauge near Springfield was at 2 feet with 

a discharge of 700 cfs when the dye was 

injected.  

Dye Trace #2 Results 

The second trace occurred on April 10, 

2007 and was a success.  Dye was first 

detected above background levels in 

House Spring #9 two hours and ten 

minutes after injection and reached a 

peak concentration of 22.8 ug/L 8 hours 

and 55 minutes after injection, indicating 

a flow rate of 3,100 ft./day.  The EHTD 

model predicted dye detection at 47 

minutes, with a peak at one hour after 

injection.  For the second trace the 

model did not correlate well with the 

detected concentrations, but this trace 

was done under dry weather conditions 

Mad River Township Karst Investigation 

Figure 19.  Comparison between actual and modeled dye trace concentration curves 

for Spring #9.. 
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Figure 20.  Dye trace concentration curves for Spring #6, Spring #7, and 

Haulman’s well..  

Figure 21.  Accumulative precipitation before and after Dye Trace #2. 
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and the model may be more accurate at 

predicting wet weather conditions when 

pathways may be more connected (See 

Figure 19, Dye trace #2 concentration 

curves).  Dye was also detected above 

background concentrations in 

Haulman’s well #2 two hours and 50 

minutes after injection and reached a 

peak concentration of 32 ug/L three 

hours and 53 minutes after injection.  

Interestingly, dye was also detected at 

Spring #7 26 hours after injection.  The 

concentration curve in Spring #7 

matched a secondary concentration 

curve in Spring #9 (See Figure 20).   

 A major precipitation event 

occurred approximately 24 hours after 

injection and that may have released 

dye that had smeared onto the soil 

during injection (See Figure 21).  The 

precipitation may have increased water 

levels opening pathways to Spring #7 

that were dry prior to the precipitation 

event.  Unlike the first dye trace where 

dye was injected into the exposed 

bedrock throat of the sinkhole, dye in 

the second test was injected into 

groundhog holes tunneled through a 

plug in the sinkhole, that led to the 

bedrock pathways in the sinkhole.  At 

one point during injection about 10 

groundhog holes became filled with 

water because the 500 gallon per minute 

injection rate was faster than the 

sinkhole could accept.  This occurred 

after dye injection and fluorescein was 

visible in all of the holes.  The water 

hauler ran out of water at that point, so 

the holes could not be rinsed of residual 

fluorescein that may have coated the 

soil.  An unexpected benefit of the 

fluorescein coated holes was the 

secondary concentration curve 

observed at Spring #9 and similar 

concentration curve at Spring #7 that 

occurred after the precipitation event.  

Grab samples were collected at Spring 

#6 after dye was detected at Spring #9, 

but the results showed only background 

levels of fluorescein.  A dye detector 

Mad River Township Karst Investigation 

Figure 22.  Visual comparison between samples collected prior to (samples on left 

of both images) and after (samples on right) the rain event on  April 11, 2007. 
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was placed at Spring #9 after dye 

injection as precaution in case dye 

reached that area, but based on the first 

test dye was not expected to be 

detected at that location (and 

autosamplers were not available for that 

spring).   

 None of the dye detectors 

showed a positive visual response for 

fluorescein dye (as expected with such a 

small volume of dye injection), but the 

elutant from each detector was read in 

the fluorometer with varying results.   

Dye detectors at Old Mill Road did not 

show a significant difference between 

the quality assurance dye detector 

placed prior to injection and the 

detector placed after injection.  

However, the dye detector was removed 

after only 24 hours and not replaced 

(could not contact the homeowner).  

Since the detectors were not replaced 

prior to the rain event it is not clear if 

there would be a connection to the 

sinkhole at higher water levels.  The 

elutant from the Haulman well #2 was 

0.25 ppb higher in concentration than 

the background sample, which was not a 

conclusive reading.  The elutant for the 

dye detector placed at Spring #6, 

however, read at 5.10 ppb and was 

much higher than the grab sample 

concentrations (<.01 ppb).  

Unfortunately, the data are not 

conclusive because a quality assurance 

dye detector was not placed at the site 

prior to detection.  Since the value was 

so high, however, the data appears to 

support dye reaching the farthest 

spring.  If a dye detector was placed at 

that spring for the same time period as 

during the test (now that injected dye 

has been flushed from the system) and 

the concentrations were well below 5.10 

ug/L the data would be considered more 

conclusive evidence of the presence of 

dye in Spring #6.  The second trace was 

valuable because it demonstrated that 

pathways can change under varying 

flow conditions, flow velocity may be 

slower under dry weather conditions, 

and sinkholes can be connected to 

wells. 

  

Downhole Well Videos 

Two downhole well videos were taken in 

Study Area #2 with the assistance of 

Ohio Department of Health staff.  The 

first video was taken at the newly 

installed well at the old Boone Station 

School property and the second video 

occurred at the new well located on Mr. 

Haulman’s property (between the 

Sinkhole D and Spring #9).  Both wells 

showed evidence of horizontal bedding 

plane fractures and near vertical 

fractures.  Water was seen cascading 

out of a near-vertical fracture located at 

a depth of approximately 30 feet below 

the ground surface and 13 feet above 

the water table at the Haulman well (See 

Figure 23).  Aquatic macroinvertebrates 

(perhaps a type of isopod) and what 

appeared to be salamander larvae were 

also documented below the water table 

Mad River Township Karst Investigation 
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at the Haulman well.  The presence of 

macroinvertebrates and salamander 

larvae indicate a potential connection 

with surface water, most probably 

Spring #9. 

 

Water Quality Analysis 

Water samples were taken at springs, 

streams, and public and private wells 

within the study area and analyzed at 

Ohio EPA’s laboratory.  The first set of 

samples were collected prior to the first 

dye trace in December  2006 and a few 

additional samples were collected in 

April 2007 prior to the second dye trace.  

Since repeat samples were not 

collected, it was not possible to identify 

any temporal trends in the data and only 

limited analysis is possible.  A map 

showing the distribution of nitrate 

sample concentrations is shown in 

Figure 24.  Nitrate concentrations in the 

four tested wells ranged from 0.21 - 3.75 

mg/l with an average of 2.22 mg/l.  

Nitrate concentrations in the streams 

ranged from 0.34 - 7.95 mg/l with an 

average concentration of 3.71 mg/l.  The 

highest nitrate concentrations were 

measured in the springs, which ranged 

from 0.78 -12.9 mg/l with an average 

concentration of 5.70 mg/l.  The 

complete water chemistry data for all 

sampling sites is provided in Appendix 

C. 

Mad River Township Karst Investigation 

Figure 23.  Image of a cascading fracture in Haulman’s well. 
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Conclusions 

The Dissected Niagara escarpment 

behaves as a karst aquifer with 

measured flow rates from dye traces 

ranging from 3,100 to 28,800 ft./day.  

The second trace demonstrated that the 

connection between sinkholes and 

springs is at least partially dependent on 

water levels, and increases in 

precipitation many open flowpaths to 

springs that are not connected to the 

sinkholes at lower water levels.  It also 

demonstrated that sinkholes can be 

connected via fractures to nearby water 

wells.  Wells may also be connected via 

fractures to nearby springs, based on 

presence of aquatic macroinvertibrates 

and perhaps salamander larvae seen on 

the downhole video for Haulman’s well.  

The escarpment has many more karst 

features than those originally mapped 

by the Ohio Department of Natural 

Resources, and appears to be actively 

forming new karst features.  Based on 

the fast ground water flow rates and 

abundant evidence of karst hydrology, 

drinking water source protection area 

delineations based on hydrogeologic 

mapping will be required for public 

water systems located in this setting.   

Mad River Township Karst Investigation 
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Figure 24.  Nitrate concentration distribution map.  Spring samples are labeled 

“S” well samples are labeled “W” and river and stream samples are labeled “R.”  
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Water quality data, including elevated 

nitrates and E. coli positive samples, 

indicate that the karst aquifer is 

susceptible to ground water 

contamination. 
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